We present a density-functional theory for binary mixtures of amphiphiles with solvent, placing particular emphasis on the structure and free energy of stable and metastable clusters of amphiphiles in dilute solution. These correspond to micelles ͑complexes of amphiphiles with the solvophobic groups clustered in the interior͒ and vesicles ͑spherical complexes with bilayer membranes of amphiphiles with solvent both inside and outside the membrane shell͒. Saddle points that connect these states are also explored to study the nucleation behavior of these systems. Our approach is applicable to both strong and weak amphiphiles, and can be readily extended to the full ternary phase equilibria characteristic of microemulsions.
I. INTRODUCTION
Amphiphiles are molecules that combine functional groups with very different types of intermolecular forces; typically one end of such a molecule is well solvated by water and the other by hydrocarbons. If the two ends were not held together by a bonding constraint, they would typically separate into two sparingly soluble phases. When such amphiphiles are combined with other substances in binary and ternary mixtures, the phase behavior is rich and complex. 1 The study of such solutions is of considerable current interest for at least three reasons. First, solutions containing amphiphiles give rise to new materials with interesting properties such as ultralow surface tensions. Second, the amino acids that comprise proteins confer on such macromolecules the amphiphilic behavior resulting from a range of types of functional groups. Third, the phospholipid molecules that make up to cell walls are amphiphiles of the classic type, whose behavior we would like to understand better.
In this paper, we present a density-functional approach to binary amphiphile solutions, with particular focus on equilibrium and kinetic aspects of formation of micelles and vesicles. These are small clusters of amphiphile molecules surrounded by solvent ͑in the case of micelles͒ or containing solvent in their interior ͑in the case of vesicles͒. Our model is a very simple one, consisting of diatomic molecules with two different end groups of different types interacting with spherical solvent molecules. In spite of the simplicity of our model, it contains many of the physical features characteristic of real amphiphile solutions, and it is now being extended to provide a more realistic model of such mixtures. The approach described in the present paper was briefly presented earlier in Ref. 2. Existing theoretical approaches to the study of binary and ternary mixtures containing amphiphiles fall into several categories. Reference 3 gives a useful general introduction to the field. The first of these are lattice models, in which amphiphiles and other molecules are placed on lattices with certain constraints ͑reflecting, for example, total repulsion of oil and water components in the absence of an amphiphile͒ and with different strengths for the relevant attractive forces. Such lattice models exhibit a rich phase behavior and share many of the properties of realistic systems, but cannot be applied accurately to problems at the molecular level. A second approach uses phase field theory, in which one or more order parameters are introduced into the free energy, usually in the context of a gradient expansion. Such a continuous ͑off-lattice͒ model is a more correct description of reality, but the parameters in the theory are only indirectly related to real intermolecular forces and are generally left in purely phenomenological terms. A third approach is to employ density-functional theory ͑DFT͒ to study the mixtures of amphiphiles with other types of molecules. The DFT approach begins with real ͑though, of course, approximate͒ intermolecular forces between the molecules that make up the system, and it constructs approximate free energy functionals through the use of liquid state theory. Those functionals are used to explore and calculate the equilibrium phases in the system, the properties of interfaces and inhomogeneous states, and the free energy barriers for passage from a metastable state to a stable one ͑nucle-ation͒. Reference 4 describes some recent applications of density functional theory to nucleation of phase transitions in small-molecule systems.
Several earlier authors have applied density functional techniques to the study of microemulsions and amphiphiles. A particularly early and far-sighted approach was taken by Stillinger, 5 who constructed a free energy functional based on quite general properties and related the coefficients to partial structure factors. When these were evaluated in the long-wavelength ͑small k͒ limit, a system with effective Coulombic character resulted; connectivity of chains appeared as a local electroneutrality condition. He used this model to study micelles, vesicles, and lamellar structures. A second density-functional approach originates from work of Telo da Gama and Gubbins. 6, 7 These authors expanded the interaction between amphiphile and oil or water in spherical harmonics and retained the lowest order, dipolar term. The amphiphile was thus a point dipole, with one end more strongly attracted to water and the other to oil. This model was explored further by Somoza, Chacón, et al. 8, 9 These authors restricted their attention to binary amphiphile-solvent mixtures, and then eliminated the solvent through an incompressibility assumption, so that the resulting model was for a single component amphiphile system with solvent-mediated intermolecular forces. They studied micelles, vesicles, and membranes in ways that connect to the results of the present paper, and are discussed in more detail below. A final density functional approach to amphiphiles was our own earlier work 10 on ternary systems, in which all three types of molecules ͑amphiphile, ''water,'' and ''oil''͒ were taken to be spherical. A molecular association ͑''hydrogen bonding''͒ between amphiphile and waterlike species was added to the usual long-range attractive forces, and treated using the Wertheim theory of associating liquids. Although this method gave phase diagrams that compared successfully with real experiments, it is restricted to weak amphiphiles and does not give the sharp ͑atomic length scale͒ interfaces characteristic of strong amphiphiles.
The goal of the present paper is to develop a theoretical model suitable for strong as well as weak amphiphiles, in which the explicit dual character of the amphiphile molecules is introduced by modeling them with two different force centers connected by a bond. The outline of the paper is as follows. Section II describes the basic model used, and Sec. III gives the results of our calculations for equilibrium phase behavior, planar interfaces, micelles, and vesicles. We focus in particular on possible transition states between stable and metastable structures and on nucleation. Section IV gives some brief conclusions and describes possible extensions of the present approach.
II. DENSITY-FUNCTIONAL APPROACH
We consider a binary mixture composed of spherical hard-core molecules A, representing the solvent ͑waterlike͒, and diatomic molecules C, representing the amphiphiles. The latter molecules ͑C͒ are composed of two tangent spheres with centers located at fixed bond length L. All particles of type A together with the two subparticles in molecules of component C are assumed to have the same diameter . The Helmholtz free energy of this fluid may be approximated by [11] [12] [13] 
with ␤ϭ1/kT, where k is the Boltzmann constant and T is the absolute temperature. This free energy is a functional of the local densities i (r), where the subindex iϭ0 denotes the solvent atoms, and the subindeces iϭ1,2 correspond to the different atoms in the diatomic molecules of the surfactant. The total local density s (r) is then given by
and f i (r) is the site activity of sphere i in the amphiphile. The first two terms on the right-hand side of Eq. ͑1͒ are a measure of the ideal free energy of a ternary mixture of isolated atoms. The decrease in entropy due to bonding between atoms of types 1 and 2 to form an amphiphile is included separately, and represented by the third term in the free energy. This contribution depends on the structure of the intramolecular correlation function for a rigid diatomic molecule of bond length L (Lϭ in this particular case͒ 14 s͑r ͒ϭ͑ 4L 2 ͒ Ϫ1 ␦͑rϪL͒.
͑3͒
The short-range repulsive interactions between the particles in the system are taken into account in a weighted density approximation, where the excess free energy per particle of the hard-body reference fluid, ⌿( (r)), is estimated using the well-known Carnahan-Starling expression for a hardsphere fluid 15 ⌿͑ ͒ϭ
In order to produce a reliable description of the packing effects that are important in amphiphilic systems, this contribution is assumed to be local in the total weighted density
with s ͑ r͒ϭ ͵ drЈw͉͑rϪrЈ͉͒ s ͑ rЈ͒.
͑6͒
As a first approximation, we choose the simple ͑low-density limit͒ weighting function of Tarazona   16 w͑r ͒ϭ ͩ
where H(r) is the Heaviside step function, to evaluate this quantity.
In our model, we consider the presence of isotropic attractive interactions between the solvent particles and the different atoms that comprise the surfactant molecules. Their contribution to the free energy in Eq. ͑1͒ is taken into account in a classical mean-field fashion. In particular we have chosen to work with the simple attractive potential
By assigning different relative values to the energy parameters ⑀ i j , we can set the degree of amphiphilicity of type C molecules. The equilibrium properties of the inhomogeneous fluid can be obtained by minimizing the Helmholtz free energy F͓ i (r)͔ with respect to the local densities i (r) and the site activities f i (r), at constant temperature T, volume V, and number of particles
with N 1 ϭN 2 . Introducing the appropriate Lagrange multipliers i , the corresponding Euler-Lagrange equations take the form [11] [12] [13] 0 ϭe
and f i ͑ r͒ϭe
In the limit of uniform densities 0 ϭ A , 1 ϭ 2 ϭ C , and f 1 f 2 ϭ C . The chemical potentials of components A and C, with A ϭ 0 and C ϭ 1 ϩ 2 , respectively, are then given by
These relationships, together with Eq. ͑11͒, allow us to find the equilibrium density distribution functions i (r) for a particular system geometry given appropriate boundary conditions. The properties of inhomogenous systems, like the surface tension between two coexisting phases or the work of formation of different aggregates, can then be derived from the free energy functional.
III. RESULTS
The thermodynamic properties of homogeneous phases in our binary mixture are determined by the relative values of the energy parameters ⑀ i j . In particular, when working in reduced units of temperature T*ϭkT/⑀ 00 , pressure P* ϭ P 3 /⑀ 00 , and chemical potentials A *ϭ A /⑀ 00 and C * ϭ C /⑀ 00 , the basic features of the phase diagrams for our two-component model depend only on the values of the reduced parameters
The global phase diagram of a binary mixture like this exhibits a rich phase behavior whose basic features are essentially known. 17 Here, we choose to work with a system that shows a rather typical phase diagram in temperatureactivity space: Two liquid-vapor coexistence manifolds extending from the pure A and pure C coexistence lines; these two coexistence surfaces intersect with a liquid-liquid segregation surface at a line of triple points. The presence of the liquid-liquid coexistence branch is necessary to study the nucleation behavior of amphiphile clusters surrounded by water.
The liquid-vapor coexistence line for pure component A in our model ends at a critical point at T c,A * ϭ1.5093. The value of the energy parameter ⑀ CC * ϭ4.0 was then chosen to obtain a slightly higher value for the liquid-vapor critical point of the pure amphiphile T c,C * ϭ1.8948, compensating for the stronger repulsive effect of the exclusion factor in the diatomic fluid. The expected high immiscibility of the two components A ͑waterlike͒ and C ͑surfactant͒ is introduced by selecting a cross interaction parameter ⑀ AC * ϭ1.7. Most of our calculations for this system were performed at a reduced temperature T*ϭ0.8 and a reduced pressure P*ϭ0.01, mimicking standard conditions in real systems.
Once the values of ⑀ CC * and ⑀ AC * are fixed, the properties of inhomogenous states such as the interface between two coexisting phases, membranelike structures, micelles, vesicles or critical nuclei, depend on the specific values of the interaction parameters between the solvent atoms and the different interaction-sites in the diatomic molecules of the amphiphile. If we assume that site 1 in an amphiphilic molecule corresponds to the polar or hydrophilic side, and that site 2 is the nonpolar or hydrophobic side, the ratio
is a measure of the strength of the amphiphile. In the symmetric case, where the interactions between equivalent sites are similar (⑀ 11 ϭ⑀ 22 ), the ratio
becomes a measure of the affinity between the two ends of the surfactant molecules. In the following sections we will explore the effect of different values of ␣ AC and ␣ CC on nucleation and on the properties of different interfaces and aggregates.
A. Planar interfaces and membranes
Let us first analyze the properties of liquid-liquid planar interfaces in our model system. The corresponding equilibrium density profiles can be obtained by solving Eqs. ͑9͒-͑11͒, assuming that all densities i (z) depend only on the coordinate z, which is perpendicular to the interface. The interfacial tension is then given by the excess grand potential energy divided by the area A s
where
, and ⍀ h is the grand potential of a homogeneous phase. Density profiles of the amphiphile molecular sites at the ''water''-surfactant interface exhibit nonmonotonic behavior for those systems where the strength of the amphiphiles ␣ AC is greater than one ͓see Fig. 1͑a͔͒ . The interfacial tension of this type of interface decreases as ␣ AC increases, and becomes negative for higher values of this parameter; under such conditions, the liquid-liquid interface is no longer stable. Similar behavior is observed by decreasing the value of ␣ CC , increasing the pressure or decreasing the temperature in systems where ␣ AC Ͼ1.
We also examine the structure and free energy of equilibrium profiles in which two layers of amphiphile molecules, with opposite orientations, are surrounded by water in a planar geometry. This bilayer structure, typical of amphiphilic membranes, becomes more stable and narrower with increasing values of ␣ AC and decreasing values of ␣ CC , and thus corresponds to the type of narrow interface expected for strong amphiphiles, as shown in Fig. 1͑b͒ . Given a fixed temperature and pressure, the interfacial free energy of the membrane, ␥ m , decreases when the mole fraction of surfactant in the surrounding solvent-rich phase, ϭ C /( A ϩ C ), increases. For small values of ␣ AC ͑weak amphiphiles͒, ␥ m is always greater than zero for all stable solutions of amphiphiles in water; hence, the absolute minimum of the free energy corresponds to the absence of membrane, if its area is not held constant by an external constraint. However, at higher values of ␣ AC it is possible to find a coexistence point where a free membrane is in equilibrium with a stable dilute solution of amphiphilic molecules. At the coexistence point, ␥ m ϭ0 and the total grand potential free energy is independent of the area. ␥ m becomes negative if the surfactant mole fraction is increased beyond the coexistence point, and the membrane can then grow without any limit other than the total number of amphiphile molecules in the system. For values of smaller than the mole fraction at the coexistence point m , ␥ m Ͼ0 and the membrane shrinks. The location of the coexistence point for the free membrane can be determined as a function of temperature and pressure for any given system. In general, these results are similar to those previously obtained by Chacón and co-workers using a density-functional approach on a single density model for amphiphilic molecules with effective interactions that mimick the effect of the solvation forces induced by water. 8 The advantages of our approach over this latter model are not only that we consider explicitly the amphiphilic nature of the surfactant and the presence of solvent molecules, but also that our calculations can easily be extended to study the effect of the chain length of the amphiphile or the addition of a third component ͑oil-like͒ on the phase and surface behavior of the system.
B. Spherical nuclei, micelles, and vesicles
Although planar interfaces become unstable as one moves away from coexistence, the structure and properties of small aggregates of molecules can be studied under those circumstances. For example, critical nuclei appear as saddle point solutions to the grand potential ⍀͓ i (r)͔ in metastable fluids in an open system. We have shown that the same solutions become minima of the Helmholtz free energy F͓ i (r)͔ when the system is enclosed in a spherical container of volume V, with the total number of particles fixed. 19 In this case, once a value for the size of the cluster is chosen (N A ,N C ) , the properties of the surrounding fluid (, A * , C *) in equilibrium with the cluster are obtained by assuming all density profiles to be continuous at the bounding surface. We have used the latter approach to determine the properties of spherical clusters of amphiphiles in equilibrium with the surrounding water solution, looking not only for critical nuclei, but also for micelles and vesicles that may form in stable dilute solutions of the surfactant. In particular, we are interested in the study of properties such as the work of formation of different types of aggregates, evaluated as the grand potential difference
and the excess number of amphiphiles in the cluster relative to the surrounding phase
͑18͒
Let us first consider a mixture with ␣ AC ϭ1 and ␣ CC ϭ1. In this case, the system behaves as a simple binary mixture in which the nucleation of clusters of component C occurs in metastable dilute water solutions between the liquid-liquid binodal and the spinodal line. The energetic barrier to nucleation decreases monotonically with increasing from the binodal, where ⌬⍀* diverges, to the spinodal, where the work of formation vanishes. The density profiles of all species in the system change smoothly across the interface, and the excess number of particles in the critical nucleus increases as the system approaches phase coexistence. However, this typical nucleation behavior starts changing when ␣ AC is increased or ␣ CC is decreased.
When the strength of the amphiphiles ␣ AC is increased, the work of formation of critical nuclei at any mole fraction decreases and, rather surprisingly, reaches a finite value at the binodal; clusters of surfactant molecules corresponding to minima of the free energy in closed systems can then be found beyond the liquid-liquid coexistence point. The aggregates formed under such conditions have a definite micellar structure, where the hydrophilic sites of the amphiphiles tend to be in contact with the surrounding water, while the hydrophobic sites hide inside the structure ͓see Fig. 2͑a͔͒ . The work of formation of these aggregates increases for lower values of , but exhibits a cusp as shown in Fig. 3͑a͒ . The value of ⌬⍀* decreases with size beyond the cusp ͓see Fig. 3͑b͔͒ , while the mole fraction of the surrounding fluid approaches its value at the binodal. As pointed out by Besseling and Stuart in the discussion of their results for a self-consistent lattice model for micellar systems, 20 aggregates on the branch BC in Fig. 3͑a͒ can be identified as proper micelles, and the value of at the cusp B is identified as the critical micelle concentration ͑CMC͒. From this point of view, clusters on the branch AB between the cusp and the binodal represent critical nuclei for the formation of stable micelles on the branch BC. We will come back to this discussion in the next section.
Bilayer vesicles can also be found in these systems, and typical density profiles for one of these aggregates are shown in Fig. 2͑b͒ . Vesicles appear in dilute water solutions as metastable aggregates that exist only at mole fractions higher than m , where the interfacial free energy for a bilayer surfactant structure is negative. Thus, the work of formation of very large vesicles increases as their size decreases, up to the point where hydrophobic and hydrophilic interactions in the smaller clusters lower the free energy of the system. This change of behavior is related to the appearance of a cusp in the work of formation of vesicles, as depicted in Fig. 4͑a͒ where we show the evolution of ⌬⍀* as a function of the mole fraction for a pair of mixtures with different amphiphile affinities ␣ CC . Vesicles and micelles define two separate branches of aggregates in mixtures of amphiphiles whose site-site affinity ␣ CC is not too small; the system with ␣ CC ϭ3/4 in Figs. 4͑a͒ and 4͑b͒ illustrates the typical behavior in mixtures that exhibit a discontinous evolution from vesicles to micelles. Different trends in each of the branches are clearly manifested not only in the value of the work of formation of different clusters ͓Fig. 4͑a͔͒, but in the behavior of the excess number of molecules accumulated in such aggregates at different concentrations ͓Fig. 4͑b͔͒. However, for smaller values of ␣ CC the continuous evolution from vesicles FIG. 2 . Density profiles at T*ϭ0.8 and P*ϭ0.01 for ͑a͒ a micelle at ϭ0.006 14 (i e ϭ50) in a system with ␣ AC ϭ4.0 and ␣ CC ϭ2/3; ͑b͒ a vesicle at ϭ0.006 11 (i e ϭ270) in the same mixture.
to micelles becomes a characteristic feature of the system, as illustrated by the mixture with ␣ CC ϭ2/3 in the same figures. In this case, the new branch CD defines the location of aggregates whose structure ressembles that of possible transition states for the micelle-to-vesicle transition.
The coexistence point for the planar membrane ͓ m or 4 in Fig. 4͑a͔͒ determines the smallest mole fraction at which vesicle structures correspond to local minima of the free energy in closed systems. The work of formation of micelles and vesicles, and the range of concentrations in which they exist as stable clusters in closed systems, depend strongly on the strength of the amphiphile ␣ AC ; in particular, the work of formation of proper micelles becomes negative as ␣ AC is increased.
C. Free energy barrier
Results described in previous sections can be used to analyze the stability and dynamical evolution of different kind of aggregates in amphiphilic solutions. In order to do this, we need to devise a method to estimate the height and shape of the energetic barrier for the formation of different amphiphile clusters in a solution with a given concentration.
In dilute solutions of surfactant in water at constant pressure, the excess free energy of amphiphilic aggregates can be expected to depend mainly on the chemical potential of the amphiphiles in the surrounding liquid. Hence, in a first approximation, given the work of formation ⌬⍀* of a cluster of size i e in equilibrium with its surrounding liquid, with 
͑19͒
where we assume that the internal free energy change due to interactions between molecules inside and outside the cluster can be neglected; in our case, this is a reasonable assumption considering that the surrounding liquid is a very dilute solution of amphiphiles in water. Under this approach, the properties of all transitional states of aggregates in a given dilute solution can be derived from those of clusters in equilibrium with the surrounding fluid at other concentrations. The transformation in Eq. ͑19͒ allows us to map all of our results for the work of formation of equilibrium clusters for a given system, into the free energy barrier for the formation of amphiphilic aggregates for every state of interest. In Fig. 5 we illustrate the results for a binary mixture with ␣ AC ϭ4.0 and ␣ CC ϭ2/3 for solutions with different mole fractions ; this figure depicts the height and shape of the free energy barrier as a function of the excess number of particles in the aggregates i e . These results have been generated using Eq. ͑19͒ and the information summarized in Fig.  4͑a͒ , where we show the work of formation ⌬⍀ as a function of for clusters in equilibrium with their surrounding fluid in the same system. As we can see, for mole fractions smaller than the one associated with the cusp B in Fig. 4͑a͒ ( 1 ), the energy barrier increases with i e for all cluster sizes; thus, all density fluctuations in this type of solution are expected to disappear and no stable aggregates will form under such conditions. For solutions with a mole fraction at cusp B, the free energy barrier exhibits an inflection point from which a maximum and a minimum develop for higher concentrations. The maximum in the free energy for a small number of particles is a free energy barrier to formation of a micelle, which is a thermally activated process; the properties of the cluster at the free energy peak are given by those of the nucleus on branch AB in equilibrium with the surrounding liquid at that particular concentration ͓ 2 in Fig.  4͑a͔͒ . The minimum in the free energy corresponds to a stable micelle, whose free energy rises if molecules are added or removed to the cluster; the properties of this micelle correspond to those of the aggregate on branch BC in equilibrium with its surroundings at that mole fraction. Thus, one can affirm that branch AB in Fig. 4͑a͒ represents the activation barrier in the process of formation of micelles on branch BC. The free energy difference between these two branches is linked to the activation barrier for micelle breakdown; a barrier that vanishes at the concentration of cusp B or critical micelle concentration.
For concentrations between the CMC and m ͑coexist-ence point for the free membrane͒, the energetic cost for the formation of vesicles is always an increasing function of size. However, at the membrane coexistence point the free energy cost of large vesicles becomes practically independent of size ͑see Fig. 5͒ . Beyond this mole fraction, and up to the concentration associated with cusp C in Fig. 4͑a͒ , a new maximum develops on the free energy barrier. For this range of mole fractions, as the number of amphiphile molecules in the micellar clusters increases, a new transition takes place in which water enters the center of the sphere and the formation of a new solvent-amphiphile interface is favored. The second maximum in the free energy barrier is now a barrier to formation of a membrane, and the structure of the vesicle at the transition state corresponds to that of the aggregate on branch CD that is in equilibrium with the surrounding solution at that concentration ͓ 3 in Fig. 4͑a͔͒ . Amphiphile clusters on branch CD can then be thought as critical nuclei for the formation of the membrane, with the free energy difference between branches BC and CD a direct measure of the activation barrier for the micelle-to-vesicle transition. Hence, for concentrations higher than that of cusp C ͓ 4 in Fig.  4͑a͔͒ , once the free energy cost for putting together the first few amphiphile molecules is overcome, the aggregation process can freely evolve to form macroscopic bilayer structures.
The approach that has been outlined in this section is also useful for analyzing the structural properties of very large vesicles. As pointed out by Chacón and co-workers, 8, 9 the free energy barrier to the formation of spherical vesicles of radius R much larger than the molecular size, can be approximated by
where s ϭϩ g /2, and and g are the elastic constants associated with normal and Gaussian curvatures, respectively. Let us then define the radius of our vesicles as the central point between the two characteristic peaks in the density profile of the hydrophilic site of amphiphiles in these aggregates ͓see Fig. 2͑b͔͒ , and analyze the behavior of the free energy barrier as a function of the interfacial area A s ϭ4R 2 at several concentrations. The corresponding results are summarized in Fig. 6 , where we find that ⌬⍀ becomes for all practical purposes, a linear function of the area for vesicles composed of more than 500 amphiphiles. In fact, the slope of these lines is very close to the interfacial tension ␥ m for the free planar membrane at each given concentration; thus, the slope is positive for Ͻ m and negative for mole fractions beyond the coexistence point. The value of the curvature energy 8 s in Eq. ͑20͒ can then be deduced by extrapolating the different lines to Rϭ0, or by calculating the free energy barrier for the formation of large clusters in a dilute solution of mole fraction m ͑where ␥ m ϭ0 and ⌬⍀ for large vesicles is independent of the size the aggregate͒.
IV. DISCUSSION
The density functional approach presented in this paper can be extended in several directions. First, we have restricted our attention here to planar ͑single interface͒ and spherical geometries. It will be straightforward to look at lamellar phases ͑planar symmetry states with periodicity in the direction perpendicular to the interface͒. Calculations on vesicles with cylindrical symmetry, taken together with our present results for spherical vesicles, will give access to the saddle-splay modulus and the bending rigidity of the membranes. 9 It will be particularly important to generalize the saddle point ͑nucleation͒ calculations in the present paper to more general symmetries, because the transition state connecting two states of high ͑say, spherical͒ symmetry can be a state of lower symmetry. It is quite possible that the critical nucleus for micelle formation is ͑on average͒ spherical, as assumed in the present paper, but this seems less likely for the transition from micelle to vesicle. The most efficient process of creating a vesicle with a bilayer membrane from a simple micelle may very well pass through a nonspherical transition state.
It is of course straightforward to introduce a third component into the present calculation in order to study true water-oil-surfactant ternary systems. This will permit us to study reverse ͑water-in-oil͒ as well as ordinary ͑oil-in-water͒ micelles and to explore the full phase behavior of microemulsions for both weak and strong amphiphiles. We plan in the future to see whether the ultralow surface tensions seen experimentally in such systems can be predicted theoretically.
More realistic models for the forces between molecules are also being investigated. Both the amphiphile and the oil component are typically chain molecules, so a better theory should spread out the interaction potentials along a rigid or flexible chain. This would allow predictions of the effect of chain length on equilibrium and kinetic properties of binary and ternary mixtures. A more accurate model for water is also desirable, one that takes into account the directionality and saturation of hydrogen-bonding interactions. The success of such models in giving realistic closed-loop liquid-liquid immiscibility phase diagrams for water-alkanol mixtures 21 is encouraging for this prospect, and is being explored in our current work. 22 After this work was completed, we received preprints of related work by Napari, Laaksonen, and Strey. These authors used a closely related density-functional ͑using a local density approximation in place of the weighted density approximation in our work͒ to study the phase diagram of lamellar phases at higher amphiphile concentration than those studied in our work 23 and to explore nucleation of the gas to liquid phase transition. 24 This work is complementary to our work, which emphasizes micelles and vesicles at low surfactant concentration.
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